Abstract. Macroscopic, histopathologic, and histochemical investigations were made on a group of eight neonatal Angus x Hereford calves, selected from an ongoing outbreak of crooked calf disease among calving heifers. Arthrogryposis of the forelimbs was seen to varying degrees in all eight animals, and torticollis was present in six calves. Histopathology, using hematoxylin and eosin stain, did not reveal any striking or consistent lesion in the affected animals; the majority of the tissues sampled were normal. Muscle samples were processed for adenosine triphosphatase (ATPase) and NADH-tetrazolium reductase (NADH-tr) histochemistry, and the data suggest that a primary myopathy is not responsible for the congenital anomalies in the affected calves.
Several disorders in cattle are characterized by the presence of congenital arthrogryposis. Etiologies include spinal dysraphism,6 and exposure of the pregnant dam to specific viral agents such as those of Akabane disease4J4J5 and Bluetongue.I8 Crooked calf disease is another condition that is characterized by congenital a r t h r o g r y p o~i s .~~.~~ Outbreaks of crooked calf disease occur predominantly in the western United States and A l a~k a~,~J~ where up to 40% of calves from a single herd have been affected. 23 The incidence of congenital anomalies is highest in heifers at first calving; however, the disease has been observed in calves from cows of all ages.I3 Economic losses for producers are incurred in at least three ways from this condition.16 First, many of the affected calves die or must be destroyed soon after birth because they cannot stand up to suckle or follow the dam. Second, crooked calf disease may be accompanied by dystocia, requiring assistance with calving. Third, there is the loss of prospective replacement heifers when affected calves are produced.
Arthrogryposis of the forelimbs is the most commonly observed congenital anomaly in crooked calf disease. 23 Both the elbow and carpal joints are frequently involved. Affected elbow joints are immobile due to malpositioning and malalignment of the ulna and radius with the articular surfaces of the distal humerus. The joints are often flexed and cannot be extended even after the flexor tendons are cut, distinguishing this disease from contracted tendon^.^^^'^,^^ Other congenital anomalies may also occur in this condition in various combinations though arthrogryposis is the main abnormality. Accompanying congenital anomalies include carpal valgum and under-or overextension of the proximal interphalangeal joints. I I Muscles from affected limbs are often hypoplastic or atrophied. This loss of muscle mass usually is attributed to disuse of the affected limbs,23 but also could be neurogenic in origin. Cleft palate is sporadically seen in association with crooked calf disease, and in one report calves with cleft palate also exhibited subtle facial and neurocranial abnormalities; torticollis and scoliosis also occasionally are seen. 23 Although crooked calf disease has been seen in most dairy breeds and in all breeds of beef cattle common to the western United States, it is considered a nonhereditary disease since replacement of breeding stock or introduction of a different breed of cattle does not prevent the condition from reoccurring when pregnant cattle graze on rangelands.22 In addition, when 11 typical crooked-legged heifers were bred to a bull with crooked legs and a cleft palate, only normal calves were produced by these m a t i n g~.~~ These data plus field observations all suggest that crooked calf disease is nonhereditary.
Given the lack of a familial pattern to outbreaks of the disease, environmental parameters common to the occurrence of crooked calf disease were sought. It was noted that outbreaks occur where cattle graze on rangeland heavily populated with lupine plants, 21 suggesting that maternal ingestion of lupine plants is causally associated with the disorder. It recently has been proposed that the quinolizidine alkaloid, anagyrine, which is found in certain members of the genus Lupinus, is acting as a primary teratogen when these plants are ingested by pregnant heifers in early g e s t a t i~n .~.~. ]~,~~ Days 40-80 of gestation appear to be the critical period for ingestion of lupine plants containing anagyrine.12, 21 While macroscopic findings of calves with crooked calf disease have been described by previous investi- 
Materials and Methods
Both gross and histological examinations of tissues were performed on four female and four male affected neonatal Angus x Hereford calves, approximately 2 days old, originating from a ranch in eastern Washington State. Calves were submitted to the Washington Animal Disease Diagnostic Laboratory (WADDL) at Washington State University and subsequently euthanized by barbiturate overdose. Radiographs of the limbs, skull, and vertebral column from two of the eight animals were also obtained.
Samples were taken from the following sites for light microscopic investigation: brain (brainstem, cerebellum, cerebral cortex), heart, liver, lung, pancreas, adrenal gland, kidney, spleen, and radial and femoral nerves. In addition, the external intercostalis, brachialis, triceps brachii, biceps brachii, longissimus dorsi, biceps femoris, vastus lateralis, and semitendinosus skeletal muscles were all sampled. All tissues processed for light microscopy were fixed in 10% neutral buffered formalin. After routine paraffin embedding, sections were cut at 4 pm, stained with hematoxylin and eosin (HE), and examined.
Samples of the following skeletal muscles from four affected Angus x Hereford calves were additionally processed for special histochemical examination: brachialis, triceps brachii, longissimus dorsi, vastus lateralis, and semitendinosus muscles. Muscle samples used as controls for the histochemistry were taken from the same skeletal muscles of an unaffected, 2-week-old, male Holstein calf. A square block of tissue, 2-3 cm thick, was dissected from the superficial surface of each muscle at the midpoint of the muscle belly. Blocks of tissue from the longissimus muscles were taken from the superficial surface located at the midpoint between the last rib and the tuber coxae. From the center of these larger pieces of tissue, a block of muscle approximately 10 x 5 x 5 mm was trimmed off the superficial surface, placed on a small piece of cork, and frozen in isopentane cooled to -160 C by liquid nitrogen.' The frozen tissue was maintained on dry ice or in a -70 C freezer until transverse serial sections at a thickness of 10 pm were cut on a cryostat at -20 C. Adenosine triphosphatase (ATPase), at pH 10.3, and NADHtetrazolium reductase (NADH-tr) reactions were used to analyze different enzyme activities in the muscle fibers. Areas of each muscle sample containing 200 to 500 fibers were photographed. Counts of type I and type I1 fibers were made from the photographs of the sections reacted with ATPase. In addition to the counts, the muscle samples were examined for the presence of any abnormal fibers that can be visualized with ATPase or NADH-tr reactions, but not with HE. ' The herd was examined for evidence of infection with Akabane, BVD, Bluetongue, or IBR viruses. Sera from 37 cows and calves were sent to the United States Department of Agriculture for analysis for antibodies against Akabane virus. Sera were analyzed by a virus neutralization (via plaque reduction) test, once in cultures of VERO cells, and once in cultures of NVPK cells. Tests for evidence of BVD, Bluetongue, and IBR viruses in 11 calves from the herd were performed at WADDL, using virus neutralization assays for IBR and BVD and agar gel immunodiffusion for Bluetongue. Routine diagnostic virus isolation from tissues of these calves also was done. All calves tested were colostrum-deprived.
Mean differences between percentages of type I1 fibers were determined by analysis of variance and the Tukey test with the P < 0.05 level of significance set for all analyses.
Results
Eight affected neonatal Angus x Hereford calves were selected from a severe outbreak of crooked calf disease; 1 18 calves were affected out of a total of 45 1 calves from first-calf heifers.
Sera of all animals tested for evidence of viral in- fection were negative for Akabane, and colostrum-deprived calves were negative for BVD, Bluetongue, and IBR viruses, as well as negative for virus isolation from tissue samples. We conclude that these viruses were not etiologic agents of the anomalies in calves from this herd.
The estimated weight of all affected calves was 18.2 kg (40 lb), which is not significantly different from the average weight of normal calves from first calf heifers from this herd (17.5 kg t 1.5 kg), as reported by the owner. Each of the eight calves exhibited varying degrees of arthrogryposis in both forelimbs, which were held in rigid flexion at the elbow joint ( Table 1) . The hindlimbs in all eight affected animals were grossly normal. Torticollis (cervical scoliosis) was noted in six animals. Neither cleft palate nor thoracic or lumbar scoliosis were seen in any of the calves. Limb deformities in these animals were severe enough to prevent them from standing up from a recumbent position. One animal (#2258) could remain standing when it was placed on its feet, but it was unable to walk. The average brain weight for the eight animals was 2 15.0 g (t 10.8 g), and the brains were grossly normal. This average compared favorably with the normal average brain weight for neonatal dairy calves, which according to Washington Animal Disease Diagnostic Laboratory (WADDL) records is 222.3 g (k22.5 g).
Radiographs were taken of two calves (#2252 and #2258). In both animals the proximal articular surface of the ulna was deviated laterally with respect to the distal humerus. In addition to the abnormalities of these calves' forelimbs, the left shoulder and right stifle joints were dislocated in calf #2252. These two dislocations were first seen on the radiographs and were not noticeable during gross examination. The distal femur and proximal tibia of the dislocated stifle joint were abnormally shaped. Increased joint space was present at the proximal carpal articulation; however, this is commonly seen in animals that are not bearing weight on joints in question. The spine and pelvis of calf #2252 were within normal radiographic limits.
The majority of tissues and organs sampled and stained with hematoxylin and eosin (HE) were normal ( Table 2 ). The few pathologic changes present were in the forelimb muscles, external intercostalis muscle, or radial and femoral nerves. No striking or consistent lesions were found among the affected animals. Myositis, myodegeneration, muscle necrosis or atrophy, cellulitis, and penneuritis were the most frequently reported pathologic findings. In addition, five of the eight animals presented an additional abnormality in a nonmuscular or nervous tissue; again, no consistent pattern was seen.
The percentage of type I1 fibers in the different muscles sampled from the affected calves ranged from 43.7% to 91.39'0, while in the control calf it was 52.8% to 81.8% (Fig. 1) . Analysis of variance indicated that of the five muscles sampled, only the vastus lateralis mus- (Table 3) indicated that there was no consistent pattern to which animals, control or affected, had significantly different percentages of type I1 fibers in the muscles tested. Neither was there any pattern as to the number of type I1 fibers present in those samples that were significantly different. Abnormalities of fiber distribution were not seen in any of the muscles examined. In both the affected and control muscle samples reacted with NADH-tetrazolium reductase (NADH-tr), the muscle fibers all appeared more granular than normal, mature skeletal muscle fibers. This is characteristic of muscle fibers from neonatal animals, but it does decrease the observer's ability to distinguish intensely versus lightly stained fibers. ' Three samples (brachialis m., calves #2253 and #2256; triceps m., calf #2254) showed almost completely uniformly stained muscle fibers. Only one muscle sample (calf #2258, semitendinosus m.) clearly exhibited more light fibers than dark fibers. Remaining muscle samples exhibited either more dark fibers than light fibers or equal numbers of light and dark fibers. No central cores, target fibers, tubular aggregates, or obvious whorling of the intermyofibrillar network were seen.
Discussion
We cannot incriminate a viral etiology for the abnormalities seen in the calves from this herd. Gross abnormalities of the eight affected Angus x Hereford calves along with a positive lupine exposure were typical for calves with crooked calf disease.22 Histopathological investigation did not reveal any consistent primary lesion of muscle or any other tissue. Rather, a number of varied tissue responses were observed, including myositis, myodegeneration, muscle atrophy and necrosis, cellulitis, and perineuritis in various muscles or nerves. It is likely these various findings are at least in part a result of pressure or trauma due to the animals' inability to stand although some of the lesions could have been initiated prior to birth.
It is noteworthy that no evidence for a primary myopathy existed in hematoxylin and eosin (HE)-stained muscle samples from the affected calves. While significant differences were seen in the muscle histochemistry data, evidence in the literature suggests that the findings are not etiologically ~ignificant.~ For the muscle histochemistry tests, the samples were reacted for adenosine triphosphatase (ATPase) and NADH-tetrazolium reductase (NADH-tr) activity. The ATPase reaction at pH 10.3 distinguishes two basic fiber types: type I fibers, which have high oxidative and low glycolytic activity, yielding low ATPase activity; and type I1 fibers, which have low oxidative and high glycolytic activity, giving them high ATPase activity. I In humans, type I1 fibers usually comprise about 67% of the total fiber count, but up to 80% type I1 fibers is considered normal.' Normal ratios for type I to type I1 fibers in cattle have yet to be determined. Considering the normal range for human muscle fiber types, there is room for considerable variation in the number of type I versus type I1 fibers seen in different muscles. The proportion of fiber types in muscles appears to be related to the functions of muscles or, rather, of their parts,* suggesting that the differences in the number of fiber types seen in the various muscles sampled in this study are within normal limits.
This, however, does not account for the differences seen between different samples of a given muscle. A recent study on distribution of fiber types in nine distinct parts of muscles from a horse demonstrated large differences in fiber type distribution among different parts of single muscles.25 The percentage of type I1 fibers decreased toward the deeper and cranial parts of the muscle. This suggests that if only one sample is taken from a muscle, care should be used to sample the same place on the muscles in different animals; i.e., superficial versus deep and cranial versus caudal. Because only one site was sampled for each muscle of the calves used in this study, we cannot accurately estimate the fiber type proportion for each entire muscle examined. The variability in percent of fibers between calves for the same muscle may reflect the possibility that slightly different areas were sampled in some individuals. However, the data do not suggest any abnormalities in percentages of fiber types. We did not see any abnormal type-grouping of fibers, such as that associated with reinnervation of muscle, which involves whole fascicles. ] Many changes in the architecture of individual mus- The possibility that a central nervous system lesion exists, resulting in reduced or complete absence of movement of the affected body parts in the developing fetus, especially during the period of rapid growth, has not yet been ruled out as a factor in crooked calf disease. However, the brainstems of the eight affected calves did not reveal any gross lesions at necropsy. Preliminary histological examination of spinal cords from calves affected with crooked calf disease other than the eight presented in this study show no differences from spinal cords from control animals (personal observation). Further histological examination needs to be undertaken to definitively eliminate the possibility of a central nervous system lesion causing clinical signs associated with crooked calf disease. With respect to a possible mechanism of action of the anagyrine alkaloids causing the fetal abnormalities, it is possible that sustained uterine contractions caus- 
